














Fig 3. BMPR2 deficiency alters integrin expression. (A) Immunoblot using antibodies specific to pSMAD1/5 or pSMAD2 showing elevated pSMAD levels in
indicated cell types cultivated in confluent monolayers for 3 days under steady-state conditions. (B–E) RNA-Seq analysis of WT and BMPR2-deficient ECs
under steady-state conditions (� = 3 independent replicates). (B) Number of genes significantly differentially regulated in BMPR2-deficient ECs in comparison
to WT ECs and their relative proportion. The majority of genes are similarly altered in both BMPR2-deficient cells lines (829 = down; 833 = up). (C)
Significantly enriched GO terms of shared deregulated genes. The fold enrichment of up-regulated (red bars) and down-regulated (blue bars) GO terms is
shown. Notably, GO terms associated with cell-to-cell and cell-to-substrate connectivity were both up- and down-regulated, suggesting an alteration of the
cellular mechanics in absence of BMPR2. (D) Hierarchical clustering of differentially expressed genes associated with the GO term “cell junction” (GO:
0030054). Heatmap color coding shows z-score of differentially regulated genes (red = high; blue = low). (E) Relative expression of integrins under steady-state
conditions shown with RPKM values. Note ITGB1 is significantly elevated and the most abundant integrin in BMPR2-deficient ECs. Statistical significance
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Fig 7. Ectopic FBN1 deposits, actomyosin contractility, and loss of endothelial character found in inner luminal PAs from IPAH and HPAH donors with low
BMPR2 expression. (A) qRT-PCRs of whole lung tissue from IPAH and HPAH donors (� = 19) analyzed for their BMPR2 transcript levels. Red line indicates mean
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Materials and methods

Ethics statement
Lung tissue biopsies were procured at the registry of the UGMLC-Giessen biobank (Justus-Lie-
big University Giessen, Germany; Collaborative Research Center 1213), member of the DZL
(German Center for Lung Research) Platform Biobanking. The samples were collected in com-
pliance with ethical practices and provided to PK in accordance with necessary requirements
to protect the full privacy of donors. Biobank Giessen holds documents on informed consent
of donors. The ethics committee of the federal state Berlin approved the methods used to ana-
lyze human PAH samples provided to PK (EA2/082/19).

Expression plasmids
The coding sequence of human BMPR2 was C-terminally myc-tagged and subcloned into
pcDNA3.1 from HA-BMPR2-LF plasmid as described previously [115]. Exon 2 of BMPR2 was
deleted using Pfu-Polymerase (#E1114-02, EURx) following the instructions of the Quik-
Change Site-Directed Mutagenesis Kit (Agilent). In order to generate a bidirectional Firefly-
Renilla-Luciferase Plasmid that reports on SMAD3 transcriptional activity and baseline
expression of Renilla as internal control, the promoter sequence and luciferase gene of
1��
�+�������� " was subcloned into .� ����������������� (Addgene plasmid
#62084) [116]. Using Gateway recombination cloning, .���� ���1��
�+�������� "���
was recombined with .� ������� �����%�!**#�� "!,%(#’%������ (Addgene plasmid
#62186) and .�%��!�2��� (0�	��� 1�3�4�+ to generate )!�&!(%"�!0�#* 1��
�+�������� "�
�%�!**# following the protocol described in Albers and colleagues [117]. .�%��!�2��� (0�	���
1�3�4�+was a gift from Eric Campeau and Paul Kaufman (Addgene plasmid #17297+. .� �
�������������%�!**#�� "!,%(#’%������ and .� ����������������� were a gift from Ian
Frew. Used primers are listed in S1 Table.

CRISPR/Cas9 generation of stable cell clones
CRISPR design interface (http://crispr.mit.edu/) together with CCTop (https://crispr.cos.uni-
heidelberg.de/) was used to design sgRNA and evaluate potential off-targets. The pSpCas9
(BB)-2A-Puro-(PX459)-v2.0 was a gift from Feng Zhang (Addgene plasmid #62988) and used
as cloning backbone for CRISPR/Cas9 targeting as described in Ran and colleagues [118].
Briefly, phosphorylation and annealing were performed with the oligonucleotides listed in S1
Table harboring a BbsI overhang. Afterwards, BbsI (#R0539S, NEB) digestion and ligation was
performed according to the manufacturer’s protocol. Plasmids were validated by sequencing.
EAHy926 cells were seeded (50,000 cells/24 wells) and transfected with pSpCas9(BB)-
2A-Puro-BMPR2-E2 and JetPEI transfection reagent (Polyplus, New York) following the man-
ufacturer’s instructions. Cells were selected using puromycin (3 �g/mL), followed by recovery
in M199 basal growth medium prior to clonal expansion using single-cell dilution in 96-well
plates. pSpCas9(BB)-2A-Puro-eLacZ was used as negative control. Clonal validation was per-
formed with genotyping PCR on genomic DNA and complementary DNA, with primer pairs
indicated in S1 Table.

Cell culture
EAhy926 cells were maintained and expanded in M199 medium (Sigma Aldrich) supple-
mented with 20% FCS (Biochrom, Germany), 2 mM L-glutamine (PAN-Biotech, Germany),
100 units/ml penicillin, 10 �g/ml streptomycin (PAA Laboratories), 25 �g/ml Heparin (Sigma
Aldrich), and 50 �g/ml EC growth supplement (Corning, NY), hereafter referred to as M199
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High-content PLA analysis
To retrieve quantitative ratios of SMAD-PLA signals in nucleus versus cytoplasm of confluent
EC monolayers, we have established a customized ImageJ-based algorithm. For the channel
depicting nuclei (DAPI staining), a Gaussian-blur filter (sigma = 2) followed by Huang-white
autothreshold and watershed algorithm was applied to generate a mask for automated count
of individual and well-separated nuclei by the “analyze particle” function. For the channel
depicting PLA signals, image definition was increased by rolling-ball background subtraction
method (radius of pixels = 50). The PLA channel was duplicated, and a Gaussian-blur filter
(sigma = 2) was applied. The PLA channels were subtracted from each other, and autothres-
hold (default) was applied. For the final PLA signal channel, a median filter with radius of 2
pixels was applied to discriminate individual PLA particles for automated count using the
count particle function. The number of PLA signals in the same ROI as the nuclear masks
were considered nuclear PLA signals, whereas all signals outside of these masks were consid-
ered cytosolic PLA signals. Seven or more images were quantified per staining. The quantifica-
tion was performed on one set of experiments, when all stainings were performed at the same
time.

Confocal microscopy
Confocal data were produced using an inverted Leica DMi8 CEL Compact semimotorized
confocal scanning microscope with excitation by 405, 488, 552, and 638 nm diode lasers. All
confocal data sets were imaged using a 40�/1.30 HC PL APO Oil CS2 WD 0.24 mm objective,
and data were recorded by photomultiplier or hybrid detector.

Wide-field microscopy and live cell imaging
Phase contrast and epifluorescence images were taken using an inverted fluorescence micro-
scope Axiovert 200 with Cy2, FITC, Alexa594, and Cy5 excitation/emission filters and a 63�
Zeiss plan apochromat oil immersion objective (Zeiss). Signals were recorded with CoolSNAP
HQ2 EMCCD camera (Photometrics, Tucson, AZ). Images were processed using linear BestFit
option of Axiovision software (Zeiss). Life Cell imaging of monolayers incorporating FNrho

(Cytoskeleton Inc., Denver, CO) was performed after seeding and incubation of ECs for 6 h in
the presence of 20 �g/ml FNrho on glass-bottom dishes (MatTek Corporation). A region of
interest was chosen for subsequent video time lapse imaging using the Mark&Find macro in
AxioVision Software (Zeiss). Time lapse imaging was performed for 6 h with 5 min time-
frames between individual pictures with samples mounted on a motorized scanning table
(Maerzhaeuser, Germany) equipped with a heat- (37˚C) and CO2- (5%) controlled Life Cell
Imaging chamber (ibidi, Germany) providing stable atmosphere.

Scanning electron microscopy
Confluent monolayers of ECs were rinsed with PBS and subjected to a primary fixation using
2.5% glutaraldehyde in PBS for 30 min. The cells were washed 3 times in PBS and subjected to
a secondary fixation using 4% PFA for 20 min. The cells were then dehydrated, using serial
dilutions of ethanol (25%, 50%, 75%, 90%, and 99.9% for 5 min each). After the last dehydra-
tion step, the samples were covered with a drop of 99.9% ethanol, placed into a desiccator, and
heated at 30˚C for 12 h. Prior to imaging, the samples were sputter coated with 10 nm of gold/
palladium (80% gold, 20% palladium), using a BAI-TEC-SCD050 sputtering machine. Images
were obtained with a Gemini-LEO-1550 scanning electron microscope (Carl Zeiss Jena, Ger-
many), using a combination of the SE and Inlens detector set at 3 kV.
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S6 Data. Data underlying Fig 6D.
(XLSX)

S7 Data. Data underlying Fig 7A and 7C.
(XLSX)

S8 Data. Data underlying Fig 8F and 8H.
(XLSX)

S1 Raw Images. Raw images of WB shown in Figs 1B, 1C, 1D, 1E, 2B, 2C, 3A, 4A, 4D, 4F,
6B, 8B and S1E, S1F, S2A Figs.
(PDF)

S1 Table. List of primers used in this study.
(XLSX)
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